Abstract Due to changes in physical characteristics, the valley side of a drainage basin may be represented by a series of overland planes. In such a situation, the downstream outflow from one plane becomes the upstream inflow for the subsequent plane. Based on the kinematic wave equations, two time of concentration (time to equilibrium) formulae are derived for planes subject to uniform rainfall excess and with a constant upstream inflow. For practical applications, the formulae are further developed in terms of the Manning resistance coefficient. The derived formulae are all consistent with those published for the case of zero upstream inflow.
INTRODUCTION
In drainage design of small basins, the time of concentration of the basin is often used as a basis for selecting the design rainfall intensity from the rainfall intensity-duration-frequency curve. For a typical drainage basin comprising overland planes and drainage channels, Yen (1982) asserted that the two flow components should be evaluated separately, as they are really two separate, sequential systems. Due to a change in physical characteristics, such as slope, surface roughness or infiltration rate, the valley side of a drainage basin may be represented by a series of overland planes. In such a situation, the downstream outflow from one plane becomes the upstream inflow for the subsequent plane. In this paper, based on the kinematic wave equations, formulae are derived that can be used to estimate the time of concentration (time to equilibrium) for a plane subject to uniform rainfall excess and with a constant upstream inflow.
DERIVATION OF FORMULAE
Derived from the kinematic wave equations for flow over an overland plane with negligible backwater effect, the wave celerity, c, travelling down the plane
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is given by (Eagleson, 1970) :
( 1) where x is the distance along the plane in the direction of flow, t is time, and a and (3 are parameters relating the discharge per unit width of the plane, q, to the flow depth, y, as follows:
By substituting equation (2) into equation (1), the kinematic wave celerity can be expressed in terms of the unit discharge, q, as follows:
Considering a plane with a constant upstream inflow, q u , and subject to a uniform net rainfall intensity, i, the unit discharge, q, becomes:
Assuming a is independent of x, substituting equation (4) where t c is the time of concentration and L is the length of the plane. Equation (5) is valid if the duration of the rainfall excess is longer than the time of concentration. Further, equation (5) is consistent with Wong's (1992) formula that is expressed in terms of the upstream inflow and the downstream outflow of the plane. By relating the upstream inflow to the inflow due to rainfall excess:
where X is a constant, and substituting equation (6) into equation (5), the time of concentration formula becomes:
If the upstream inflow is zero (q u = X = 0), equations (5) and (7) reduce to the commonly quoted kinematic wave time of concentration formula (Henderson & Wooding, 1964) :
a
In order to demonstrate the potential use of equations (5) and (7) for practical application, the Manning formula is used to express the discharge-depth relationship as defined by equation (2). The parameters a and (3 become:
where S is the slope of the overland plane in the direction of flow, and n is the Manning resistance coefficient for the overland surface. Since a in equation (9) is independent of x, equations (9) and (10) may be substituted directly into equations (5) and (7), resulting in: 
The units for equations (11) and (12) are min for t c , m m" 1 for S, m 2 s" 1 for q u , mm h" 1 for i, and m for L. Equations (11) and (12) are consistent with the Institution of Engineers, Australia (1987) procedure for calculating overland flow times for multiple flow segments and with Singh's (1988) formula for planes with laminar flow upstream and turbulent flow downstream. In the application of equation (11) or (12), the values of Manning n for various surface types may be selected from values recommended by Engman (1986) or the Institution of Engineers, Australia (1987) .
If the upstream inflow is zero (q u = X = 0), equations (11) and (12) reduce to (Woolhiser & Liggett, 1967) :
CONCLUSIONS
Based on the kinematic wave equations, two time of concentration formulae for planes subject to uniform rainfall excess and with an upstream inflow have been derived. For practical applications, the formulae have been further developed in terms of the Manning resistance coefficient. The derived formulae are all consistent with the published formulae for the case of zero upstream inflow.
